Cold acclimation is an adaptive response whereby plants from temperate regions increase their 26 capacity to tolerate freezing in response to low-nonfreezing temperatures. Numerous studies have 27 unveiled the large transcriptome re-programming that takes place during cold acclimation in diverse 28 species, and a number of proteins have been identified as important regulators of this adaptive 29 response. Post-translational mechanisms regulating the function of proteins involved in cold 30 acclimation have been, however, much less studied. Several components of the signal transduction 31 pathways mediating cold response have been described to be post-translationally modified. These 32 post-translational modifications, including protein phosphorylation and dephosphorylation, 33 ubiquitination, SUMOylation, N-glycosylation and lipid modification, determine key aspects of protein 34 function such as sub-cellular localization, stability, activity or ability to interact with other proteins. 35
free Ca 2+ . Low temperature is not an exception, and specific Ca 2+ signatures (i.e. specific spatiotemporal 153 oscillations in Ca 2+ levels) have been described upon cold exposure [32] . Among the proteins that sense 154 Ca 2+ levels and play a major role in Ca 2+ -mediated signaling are the CDPKs. These proteins transduce 155 the signal by eliciting a phosphorylation cascade after activation by Ca 2+ binding [33] . Members of this 156 subfamily of protein kinases have been implicated in plant responses to abiotic stress, including low 157 temperature [34] . Expression analysis revealed that several genes encoding rice CDPKs are induced by 158 low temperature [35] . Moreover, the over-expression of some of them, i.e. OsCDPK7/CPK13, in 159 transgenic rice appears to enhance chilling tolerance [36] , indicating that CDPKs have a function in cold 160 response. CDPKs might also have an important role in cold acclimation. Thus, RARE COLD INDUCIBLE 1A 161 (RCI1A) and ALCOHOL DEHYDROGENASE 1 (ADH1), two Arabidopsis proteins encoded by cold-inducible 162 genes [37, 38] , have been identified as potential targets of CPK3 [39] , an Arabidopsis CDPK whose 163 activity increases under low temperature conditions [39] . The study of the precise role of CPK3 in cold 164 acclimation, however, is yet to be addressed. On the other hand, abscisic acid (ABA) has long been 165 recognized as an important component of cold acclimation signaling [40] . ABA mediates the expression 166 of several cold-regulated genes [41, 42] and its exogenous application at warm temperatures increases 167 plant freezing tolerance [43] . Furthermore, ABA deficient mutants have decreased capacity to tolerate 168 freezing before and after cold acclimation [44] . Interestingly, the expression of Arabidopsis Arabidopsis reduces the duration of low-temperature exposure required for full development of cold 224 acclimation [61] . This phenotype correlates with an earlier and higher induction of those cold-225 responsive genes whose upregulation by low temperature is mediated by ABA [61] . Since PP2CA 226 expression is increased in response to low temperature, it was proposed that PP2CA acts as a negative 227 feedback regulator during the development of ABA-mediated cold acclimation. The absence of PP2CA 228 expression would suppress this negative feedback accelerating the development of cold acclimation 229 [61] . Unfortunately, the proteins targeted by PP2CA during the development of cold acclimation have 230 not yet been determined. 231 232
Ubiquitination 233
Ubiquitin is a small polypeptide often attached to a lysine residue in a number of target proteins. The 234 ubiquitin polypeptide also contains lysine residues that can also act as substrates of further ubiquitin 235 conjugation. The number of ubiquitin molecules attached to a target protein determines its fate. 236 CHIP is an Arabidopsis U-box (closely related to RING finger) E3 ubiquitin ligase with a function in cold 269 signaling. CHIP gene expression is induced by low temperature, and CHIP overexpression results in 270 increased sensitivity of Arabidopsis to chilling stress, as evidenced by a reduced growth and a high 271 membrane damage in cold-exposed CHIP-overexpressing lines [68] . A PP2A A subunit was identified as 272 a putative CHIP-interacting protein using a yeast-two-hybrid screen. In vitro experiments showed that 273 CHIP ubiquitinates phosphatase PP2A A subunits [58] . Transgenic lines overexpressing CHIP showed no 274 change in PP2A protein levels but a higher PP2A activity under cold conditions than wild-type plants 275 [58] , indicating that PP2A ubiquitination by CHIP increases PP2A activity rather than tagging this 276 enzyme to degradation. As mentioned above, PP2A may be a negative regulator of cold response by 277 controlling ethylene biosynthesis. Thus, it is possible that CHIP negatively modulates Arabidopsis 278 response to low temperature through its role in ethylene biosynthesis via regulation of PP2A activity. There is experimental evidence suggesting the occurrence of yet uncharacterized post-translational 363 mechanisms that control the function of key players in cold acclimation response. As described above, 364 ICE1 is an Arabidopsis bHLH transcription factor that binds to the MYC elements present in the CBF3 365 promoter inducing its expression and, subsequently, the development of cold acclimation [84] . The 366 ICE1 gene is constitutively transcribed and translated under control temperature, but the ICE1 protein 367
is not able to induce the expression of CBF3 in these conditions [84] . Likewise, the overexpression of 368 ICE1 does not result in high levels of CBF3 transcripts under control temperatures [84] . These 369 observations suggest that, to be active, ICE1 requires additional regulation by unknown elements that 370 are only present when plants are exposed to cold. ICE1 is both SUMOylated and ubiquitinated, but 371 these post-translational modifications have been proposed to regulate ICE1 levels rather than activity 372
[76] (see sections 2.1 and 2.3). Therefore, there should be another post-translational mechanism that 373 enables ICE1 to activate CBF3 expression under low temperature conditions. High-throughput 374 proteomic analysis has identified ICE1 as a putative target of MAPK-mediated phosphorylation [21] . 375
Alternatively, ICE1 might be transactivated in response to low temperature through its interaction with 376 other transcription factors. Indeed, in vitro experiments showed that ICE1 interacts with the negative 377 cold-response regulator MYB15 [85] (Fig. 1) . 378
379
The increase of PP2A activity by CHIP ubiquitin ligase (see section 2.2) only takes place when plants are 380 exposed to low temperature since overexpression of CHIP does not affect PP2A activity at warm 381 temperatures [58] . This observation indicates that there should be additional yet unidentified post-382 translational mechanisms regulating CHIP activity that are induced by low temperature. 
